A model-independent irreducible tensor approach to p(n, γ)d is presented and an explicit form for the spin-structure of the matrix M for the reaction is obtained in terms of the Pauli spin-matrices σ(n) and σ(p). Expressing the multipole amplitudes in terms of the triplet → triplet and singlet → triplet transitions, we point out how the initial singlet and triplet contributions to the differential cross section can be determined empirically.
in p( n, γ)d was measured which differs from theory. Recent cross section calculations [13, 14] , which agree with each other within 5% deviation, are found to differ from the 1967 estimates of Fowler et al [1] . The cross section was obtained in [13] by fitting the existing data with a polynomial expansion, while the calculation in [14] includes MEC's, isobar currents and pair currents. The theory is in good agreement with cross section data for neutrons with energy above 14 MeV, but deviates by about 15% from older d(γ, p)n measurements between 2.5 MeV and 2.75 MeV [15] , which correspond respectively to neutron energies 550 keV and 1080 keV in p(n, γ)d. Apart from the fact that uncertainties in p(n, γ)d cross sections at energies below about 600 keV lead to dominant uncertainties in the determination of the relative abundances of elements in the early universe, it is interesting to study the fusion reaction for its own sake, especially since a beginning has also been made [2] to study p(n, γ)d precisely in the region of energies of interest to astrophysics. This recent study [2] has shown experimentally that the M1 transition from S-wave capture, which dominates at lower energies and the E1 transition from P-wave capture at higher energies are comparable at 550 keV.
It is interesting to observe that the neutron capture in p(n, γ)d from the 3 S 1 state is from the isospin I = 0 state, which is the same for the deuteron while the reactions starting from the 1 S 0 , I = 1 state is characterized by a ∆I = 1 transition. Likewise, capture from 1 P 1 , I = 0 state leads to a ∆I = 0 transition, whereas those from 3 P j=0,1,2 , I = 1 states are characterized by ∆I = 1 transitions. Even at higher energies, it is clear that the singlet and triplet radiative captures from any arbitrary initial partial wave, l lead to p(n, γ)d characterized respectively by ∆I = 0 and ∆I = 1 or ∆I = 1 and ∆I = 0 depending on whether the initial parity (−1) l is odd or even. Since the NN interaction, as elicited from elastic scattering data, conserves channel spin, s (apart from total angular momentum j) as well as isospin I, it would be of interest to study experimentally the relative strengths of the singlet and triplet contributions to the p(n, γ)d reaction at any given energy. It may be noted in this context that considerable attention has been given to study experimentally the elastic scattering [16] of polarized neutrons at low energies on polarized proton targets, in order to determine precisely the strength of the NN tensor interaction. It is well-known that polarization studies lead to more incisive understanding of hadron scattering or reaction processes than what is revealed by unpolarized cross section measurements.
The purpose of this letter is to present a model-independent theoretical approach to the np fusion process and identify observables that facilitate determination of the singlet and triplet cross sections.
Let p(p, 0, 0) and k(k, θ, 0) denote respectively the neutron and photon momenta in a right-handed c.m. frame [17] and let m d ; kµ|T |p; m n , m p denote the elements of the on-energy-shell T -matrix for the fusion reaction p(n, γ)d where m n , m p , m d denote respectively the spin-projections of the neutron, proton and deuteron and µ = ±1 denote the left-and right-circular states of photon polar-ization, as defined by Rose [18] . The unpolarized differential cross section for the reaction is then given by
where E p , E n and E d denote the c.m. energies of the proton, neutron and 2 H respectively, when the reaction takes place at c.m. energy E. Making use of the standard multipole expansion [18] for the photon in the final state and the usual partial wave expansion for relative motion in the initial state with channel-spin s = 0, 1, the T -matrix may be expressed as
where S λ ν (1, s) denote [19] irreducible tensor operators of rank λ in hadron spinspace. The irreducible tensor amplitudes T λ ν (µ, s) in (2) are given explicitly by
where the energy dependence is carried entirely by the partial wave magnetic and electric 2 L -multipole amplitudes
while the angular dependence is contained entirely in d L νµ (θ). We use the shorthand [j] = (2j + 1) (1/2) and the rest of the notations follow [18] . Expressing the irreducible tensor operators S λ ν (1, s) of rank λ in terms of the Pauli spin matrices σ(n) and σ(p) and unit 2 × 2 matrices σ 0 (n), σ 0 (p) for neutron, proton respectively following [19] , we may rewrite (1) in the elegant form
where Tr(≡ m d µ ) denotes the Trace or Spur and the matrix M for p(n, γ)d has the form
in terms of irreducible tensor amplitudes M λ ν (λ 1 , λ 2 ; µ) of rank λ given by
where { } denote Wigner 9j symbols [20] . We may explicit (7) as
where the coefficients are related to (8) through
Comparing (9) with M for elastic NN scattering [21] shows clearly that the fourth and fifth terms containing (σ(n) − σ(p)) and (σ(n) × σ(p)) are the ones which induce transitions from the initial spin-singlet state to the final spin-triplet state of the deuteron. To estimate the singlet and triplet cross sections empirically we observe that the differential cross section for p( n, γ)d is given by
where the density matrix
describes the initial spin state where P (n) and P (p) denote respectively the neutron and proton polarizations. Rewriting (11) as
where P 0 (n) = 1, P 0 (p) = 1 and
we readily see that the unpolarized differential cross section (6) is given by (1/4)B 00 . Noting further that
are the projection operators |sm sm|, s = 1, 0; m = +s, . . . , −s, we readily identify
as the triplet and singlet contributions (dσ s,m )/(dΩ) which add up to (dσ 0 )/(dΩ) given by (1) . Expressing (11) in the form
we observe that B z0 and B 0z are readily obtained by measuring the longitudinal analyzing powers A z (n) and A z (p) respectively, while B xx , B yy and B zz are known from measurements of transverse and longitudinal differential cross sections, which are readily obtained by specializing (17) appropriately. In fact, we may use the notations employed in [16, 22] and write
which on integration with respect to dΩ lead to total cross section differences ∆σ T and ∆σ L . The ∆σ T and ∆σ L have been measured traditionally [22] in the case of NN elastic scattering experiments and such measurements have been carried out more precisely in recent years [16] in the context of determining the exact strength of the NN tensor force [23] . The theoretical arguments of Bilenky and Ryndin [24] which are useful in the context of interpreting ∆σ T and ∆σ L at the total cross section level do not hold good at the differential level. On the other hand, our considerations allow discussion of the p( n, γ)d reaction at the differential level itself. It would, therefore, be desirable to perform similar experiments with regard to p(n, γ)d to study the fusion reaction more incisively at any given energy. One of us (GR) thanks Professor B.V. Srikantan for much encouragement and Professor Ramanatha Cowsik for inviting him to the Indian Institute of Astrophysics, while the other (PND) thanks the Council of Scientific and Industrial Research (CSIR), India for support though the award of a Senior Research Fellowship.
